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Abstract 

The helix/coil equilibrium of a  peptide in solution can be modulated by a variety of side-chain interactions that 
are not incorporated  into  the  standard statistical mechanical models for prediction of peptide helical content. In 
this report, we describe a recursive formulation of the Lifson-Roig model that facilitates incorporation of spe- 
cific pairwise side-chain interactions as well as nonspecific individual side-chain capping  interactions. Applica- 
tion of this extended model to a series of host/guest peptides indicates that  the apparent AG value for a pairwise 
apolar interaction is dependent  upon  the spacing and orientation but not the sequential location of the partici- 
pating residues. The apparent AG values for such interactions are  about 40% greater than  the corresponding ap- 
parent AAG values obtained from difference  measurements. 

Keywords: apolar  interactions; capping interactions; helical peptides; helix prediction; Lifson-Roig model; side- 
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Although an individual residue in a monomeric helical peptide 
can be  legitimately analyzed in terms of a simple two-state helix/ 
coil equilibrium, the peptide as a whole cannot be so analyzed. 
This  pertains because the helix/coil equilibrium constant of a 
residue within the frayed ends of a  peptide helix is diminished 
relative to  the  helixkoil equilibrium  constant for a residue in 
the central region of a helix. Such diminution results from  the 
loss of backbone hydrogen bonding and the increased entropy 
of a residue in the frayed ends. Accordingly, any measure of the 
mean helical content of a peptide solution, such as the mean res- 
idue ellipticity at 222 nm,  cannot be rigorously analyzed using 
a simple two-state helix/coil equilibrium. 

However,  measurements of the mean helical content of pep- 
tide solutions  can be rigorously analyzed using statistical me- 
chanical models that express the overall helix/coil equilibrium 
of a peptide in terms of the individual helixkoil equilibrium for 
each  constituent residue. In order  to express this relationship, 
all  statistical mechanical models make four common  assump- 
tions, namely: (1) a residue in a given peptide molecule can only 
populate  a helical state or a nonhelical (coil) state; (2) the heli- 
cal state of  each residue is the same; (3) the fractional helical con- 
tent of a given residue ranges from 0 to 1; and (4) a residue in 
the coil state is  given a  statistical weight of 1 if its adjacent res- 
idues are  also in the coil state. By contrast, individual statisti- 
cal mechanical models are distinguished as to (1) what feature 
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of a residue, its a-carbon, peptide bonds, or d,$ angles, is con- 
sidered in the assignment of states; (2) whether nonamino acid 
backbone moieties such as terminal blocking groups are con- 
sidered residues; (3) how the statistical weights of a residue are 
affected by the states of its adjacent residues; and (4) how in- 
teractions  modulate helix/coil equilibria. 

The widely used Zimm-Bragg (1959) and Lifson-Roig (1961) 
statistical mechanical models do not consider such interactions. 
Recently, Doig et al. (1994) have extended the Lifson-Roig 
model by reweighing some coil states to simulate unspecified 
capping interactions generated by individual residues. However, 
this extended model,  denoted here as the capping  model,  does 
not recognize pairwise interactions involving specific residues 
located in a helical conformation. In this report, we describe an 
alternative extension of the Lifson-Roig model, denoted here 
as the interaction model, which can accommodate specific pair- 
wise interactions as well as unspecified capping  interactions. 

Description of the models 

All the statistical mechanical models to be described calculate 
the ensemble of coil, partially helical, and helical peptide states 
as a  canonical  partition function, Z ( r ) ,  where r is the number 
of residues ( a  carbons) in the peptide. Acetyl and amide block- 
ing groups, when present, are counted as residues for calcula- 
tion of Z ( r ) .  The helical and coil states of an individual residue, 
i ,  are statistically weighted according to  the states of its adja- 
cent residues. These statistical weights, vi ,  wi, ni, and c,, are es- 
sentially equilibrium constants for a given combination of states 
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and  can  be expressed as free energies. The statistical weights em- 
ployed by each  of  the  three  models used in  this  study  are  sum- 
marized in Table  1. 

The  Lifson-Roig  model  calculates  the  fractional helical con- 
tent  of  the  ith  residue  of a peptide, fa,;, using Equation 1: 

The  statistical weight ui for  each  residue  and  the  statistical 
weight wi for  each  nonterminal  residue  contribute  to  the  par- 
tition  function Z( r ) .  Statistical weights ni and c, do  not  con- 
tribute  to  Equation 1. Because the  statistical weight wi for  each 
terminal  residue does  not  contribute to  Equation 1, the  terminal 
residues are  perpetually  in coil states.  Although  each  blocking 
group  contributes a statistical weight u, t o   Z ( r ) ,  the  blocking 
groups  are excluded from  the residue count when  calculating the 
mean helical content of the  entire  peptide. 

The  capping  model reweighs three of  the coil states,  as  shown 
in Table  1,  to  account for capping  interactions.  These  three coil 
states were  selected to  maintain  the  terminal  residues  and  the 
capping  residue in perpetual coil states.  The  capping  model cal- 
culates  the  fractional helical content  of  the  ith residue of a  pep- 
tide using Equation 2: 

fa,; = a In Z ( r ) / a  In w, + a In Z(r)/a In ui .  (2) 

This  expansion  of  Equation 1 is necessary so that  the reweighed 
coil states can  affect  the helical content of the  entire peptide.  As 
in the  Lifson-Roig  model,  the  blocking  groups  are excluded 
from  the  residue  count when calculating  the  mean helical con- 
tent  of  the  entire  peptide. 

The interaction  model requires recursive equations  rather  than 
the  traditional  matrix  equations  to include  pairwise interactions 
between the side chains  of specific  residues. The  interaction 
model calculates the  fractional helical content  of  the  ith residue 
of a peptide using Equation 3: 

The  term  Z’(r); is the derivative of the  partition  function Z ( r )  
for  the  ith  residue. Values fo r   Z ( l )  through Z(r)  and  Z’(1); 

Table 1. Assignment of statistical weights in each  model“ 

Residue  states  Statistical  weights 

i - 1 i i + 1 Lifson-Roig  Capping  Interaction 
” 

C C 
C H 
C C 
C H 
H C 
H H 
H C 
H H  

1 
n 
C 

43 
U 

U 

U 

W 

1 
1 
1 
1 
U 

un 
uc 
W 

” The  state  of  the  residue  contributing  the  statistical  weight  to  the 
partition  function Z ( r )  is shown  in  boldface  type. 

through  Z’(r);  are  calculated by incrementing j ,  a counter  de- 
noting  the  current residue  being considered.  Equations 4 and 5 ,  

describe Z(r)  and  Z’(r) , ,  respectively, for residues 1 through 
j ;   Z (   j )  and  Z’( j);, in terms of the  partition  functions  already 
calculated  for  residues 1 through  k;   and  Z(k)   and  Z’(k) , ,  
where k 5 j. The  initial  partition  functions  are special condi- 
tions,  namely  Z’(i - 1);  is 0 and  Z(-l),  Z(O),  Z’(-l);,  and 
Z’(0)  are  each 1. The  terms F (  j ,  k + 2)  and F’( j ,  k + 2); are 
the  statistical weights for  an all-helical segment  spanning resi- 
dues j through k + 2.  Values for these  statistical weights are listed 
in Table 2 under  the  column labeled “No interactions.” Because 
each  terminal  residue  can  have a finite helical content  (as  dis- 
cussed below), terminal blocking groups  must be included  in the 
residue  count  when  calculating  the  mean helical content  of  the 
entire  peptide. 

The recursive equations  can  only  be  extended  to  include  cap- 
ping  interactions by selectively changing  the  statistical weights 
of  two helical states  of  the  Lifson-Roig  model  as  indicated in 
Table  1.  These  two new statistical weights, un and uc, appear 
in the  expressions  for F (  j ,  k + 2) and F’( j ,  k + 2); when k $. 2 
is equal  to  either j - 1 or sj - 2,  as listed  in Table 2 under  the 
columns  headed  “Capping  interactions”  and  “Capping  and  pair- 
wise interactions.” These  changes  in the statistical weights of the 
helical states allow the  terminal  residue in  a peptide  to  have a 
finite helical content. Recent I3C  chemical  shift  measurements 
(Shalongo et al., 1994) suggest this to  be  the  case. 

Each pairwise interaction is introduced  into  the recursive 
equations in terms of a donor  residue, d ,  and  an  acceptor resi- 
due, a. These  two residues as well as all the intervening  residues 
must be in the helical state. The  fractional helical content  of  each 
of these  residues is modulated by the pairwise interaction ex- 
pressed as  an  apparent AG. Equation  6, 

K, , , ( j ,k+2)=e-Ac’RTif  ( k + 2 s d ) a n d ( j r a ) ,  (6) 

expresses the AG for  the pairwise interaction in terms  of an equi- 
librium  constant, Km ( j ,  k + 2) .  If the limits of  Equation 6 d o  
not  pertain, K ,  ( j ,  k + 2) is assigned a value of 1. Multiple 
pairwise interactions  involving residues in  the  span j to k $. 2 
contribute  to a collective equilibrium  constant, E(  j ,  k + 2),  as 
described in Equation 7: 

P 

E ( j ,  k + 2) = K m ( j ,  k + 2). (7) 
m=l  

The collective equilibrium constant  appears in the expression for 
F( j ,  k + 2) and F’( j ,  k + 2), when k + 2 is equal  to j ,  j - 1, 
or sj - 2,  as listed  in Table 2 under  the  columns  headed  “Cap- 
ping  interactions”  and  “Capping  and pairwise interactions.” 

Use of recursive Equations 4-7 for  evaluation of Z (   j )  for the 
first two residues in a  peptide containing  both  capping  and  pair- 
wise interactions is illustrated  in  Table 3. In  considering  this il- 
lustration, it should be remembered that j is the residue number; 
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Table 2. Evaluation of F(j, k + 2) and F'(J, k + 2)i 
F( j ,  k + 2)  or F'( j ,  k + 2); 

No 
k + 2  interactions interactions 

> j +  1 0 0 
j + l  1 1 

j U k f 2  uk+2 

Capping Pairwise Capping and pairwise 
interactions interactions 

0 0 
1 1 

E ( j .  k + 2)uk+2 E ( j ,  k + 2)uk+2 

k ranges from - 1 to j - 1 ,  as  stated in Equation 4; Z (  k) is Z ( j )  
calculated  for  the  previous  residue, except for  the special con- 
ditions  for Z (  - 1 )  and Z ( 0 )  stated in the  text;  expressions  for 
k + 2 in  terms o f j  and  the  corresponding  value  for F ( j ,  k + 2) 
are given  in Table 2; and Z ( j )  is defined in Equation 4. 

The Lifson-Roig, capping,  and  interaction models  have  been 
written  as  menu-driven  FORTRAN  programs  for a personal 
computer.  The  programs  require  the  sequence  and  either  the 
mean helical content  of  no  more  than 1 I5 peptides  or  the resi- 
due helical contents  of  no  more  than 30 peptides.  Statistical 
weights and  interaction-apparent AG values are  refined using 
the Brent (1973) algorithm to avoid  difficulties  in  calculating the 
partial derivatives  of the fitting functions.  The  parameters  to be 
fit during  each  iteration  are selected  in a different  order to  min- 
imize  any  bias  due  to  parameter  selection. 

Refinement of statistical weights in the absence 
of  pairwise interactions 

Statistical weights in  the  family  of  Lifson-Roig  models  do  not 
describe  physical properties  defining  the helix state,  such  as  the 
probability  that a residue  has helical 4,$ angles or that a resi- 
due  makes  one or more  backbone  hydrogen  bonds.  The values 
of  the  statistical  weights  are  essentially  arbitrary  model- 
dependent  parameters defined by the mathematical  relationships 
built  into  the  model.  Therefore,  each  model will generate a dif- 
ferent set of  legitimate  statistical weights when fit  against a com- 
mon  database  comprising  the mean fractional helical content of 
a series of peptides of defined  sequence. The  goodness  of fit be- 
tween the  observed  and  predicted  mean helical contents of  all 
the  peptides in a database is expressed as  an  RMS  deviation. 

Table 3 .  The initiation of a recursive calculationa 

j k Z ( k )   k + 2  

The  mean  fractional helical content of 57 peptides  containing 
apolar  and uncharged polar guest residues has served previously 
as a database  for refinement  of  statistical weights (Chakrabartty 
et  al., 1994). The  sequences  of  these  peptides, listed  in Table 4, 
were designed to minimize pairwise side-chain interactions.  Mea- 
surements were obtained using solvent conditions  that maximize 
helical content  and  minimize  electrostatic  interactions  among 
host residues. In keeping  with precedent  (Chakrabartty et al., 
1994; Doig et al., 1994), each  model was  fit with  this  database 
at a series of fixed u weights allowing the  wand n weights to  float 
freely.  All n weights are relative to  an n weight  of 1 .O for  ala- 
nine, a residue  assumed  to  be  devoid  of  N-terminal  capping  in- 
teractions  (Doig  et  al., 1994). All c weights are  assumed  to  be 
1 .O because the peptide  sequences  in the  database were designed 
primarily to  investigate  N-terminal  capping  interactions  (Doig 
et al., 1994). No specific  pairwise interactions were  used in  the 
interaction  model  to  fit  the 57 peptide  database. 

Our  programming  of  the  capping  model  generates  an  RMS 
of 3.1,  as  reported by Chakrabartty et al. (1994), using  a com- 
mon u weight of 0.048 and  the w and n weights  listed in  their 
Tables 2 and 3.  However,  the  minimum  RMS  generated by the 
capping  model, 2.72, occurs a t  a common u weight of 0.034, as 
shown in Figure 1 .  Residue w and n weights obtained by the cap- 
ping  model  at  this  minimal  RMS  are  presented  in  Table 5.  

If the  acetyl  and  amide  blocking  groups  are  included in the 
residue count  for  the predicted  mean helical content of  each pep- 
tide,  the  capping  model  exhibits  an  RMS  minimum, 2.91, at a 
common u weight of 0.034. The residue w weights obtained  are 
changed by a mean  value  of 0.02 (0.02) with  the  number  in  pa- 
rentheses  indicating  the  standard  deviation.  The n weights for 
the  majority  of  the residues are  diminished 0.20 (0.05). The n 
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Table 4. Observed and predicted mean fractional 
helical contentsa 

Peptide sequence 

NAKAAAAKAAAAKAAGYm 
GAKAAAAKAAAAKAAGYm 
SAKAAAAKAAAAKAAGYm 
TAKAAAAKAAAAKAAGYm 
LAKAAAAKAAAAKAAGYm 
IAKAAAAKAAAAKAAGYm 
MAKAAAAKAAAAKAAGYm 
PAKAAAAKAAAAKAAGYm 
AAKAAAAKAAAAKAAGYm 
VAKAAAAKAAAAKAAGYm 
QAKAAAAKAAAAKAAGYm 
KALAAKALAAKAAAAKGGYm 
KAMAAKAMAAKAAAAKGGYm 
KAQAAKAQAAKAAAAKGGYm 
KAAAAKAIAAKAAAAKGGYm 
KAAAAKASAAKAAAAKGGYm 
KAAAAKANAAKAAAAKGGYm 
KAAAAKAVAAKAAAAKGGYm 
KAAAAKATAAKAAAAKGGYm 
aKAAAAKAWAAKAAAAKm 
aKAAAAKAYAAKAAAAKm 
aKALAAKALAAKAAAAKGGYm 
aKAMAAKAMAAKAAAAKGGYm 
aKAQAAKAQAAKAAAAKGGYm 
aKAAAAKAIAAKAAAAKGGYm 
aKAAAAKASAAKAAAAKGGYm 
aKAAAAKANAAKAAAAKGGYm 
aKAAAAKAVAAKAAAAKGGYm 
aKAAAAKATAAKAAAAKGGYm 
aYGAAKAAAAKAAAAKAA 
aYGAAKAAAAKAAAAKAG 
aYGKAAAAKAAAAKAAAAKm 
aYGGKAAAAKAAAAKAAAAKm 
aYGGKAAAAKALAAKAAAAKm 
aYGGKAAGAKAAAAKAAAAKm 
aYGGKAAAAKAAGAKAAAAKm 
aYGGKAAAAKAAAAKAAGAKm 
aYGGKAAAAKAMAAKAAAAKm 
aYGGKAAAAKAQAAKAAAAKm 
aYGGKAAAAKAIAAKAAAAKm 
aYGGKAAAAKACAAKAAAAKm 
aYGGKAAAAKASAAKAAAAKm 
aYGGKAAAAKAFAAKAAAAKm 
aYGGKAAAAKANAAKAAAAKm 
aYGGKAAAAKATAAKAAAAKm 
aYGGKALAAKALAAKALAAKm 
aYGGKAMAAKAMAAKAMAAKm 
aYGGKAQAAKAQAAKAQAAKm 
aYGGKASAAKASAAKASAAKm 
aYGGKAIAAKAIAAKAIAAKm 
aYGGKANAAKANAAKANAAKm 
aYGGKAVAAKAVAAKAVAAKm 
aYGGKATAAKATAAKATAAKm 
aYGGQAAAAQAAAAQAAAAQm 
aYGGQAAAAQAQAAQAAAAQm 
aYGGQAQAAQAQAAQAQAAQm 
aYGGGKAAAAKAAAAKAAAAKm 

Mean fractional helical content 
- 

Observed 

0.60 
0.53 
0.53 
0.46 
0.45 
0.42 
0.40 
0.40 
0.38 
0.38 
0.29 
0.29 
0.24 
0.22 
0.29 
0.21 
0.21 
0.20 
0.18 
0.50 
0.51 
0.49 
0.40 
0.40 
0.48 
0.45 
0.43 
0.43 
0.40 
0.49 
0.48 
0.74 
0.68 
0.55 
0.37 
0.26 
0.47 
0.51 
0.51 
0.46 
0.45 
0.43 
0.43 
0.40 
0.30 
0.49 
0.36 
0.31 
0.22 
0.22 
0.16 
0.09 
0.08 
0.52 
0.38 
0.27 
0.62 

Predicted using 

Capping  Interaction 
model 

~ 

0.58 
0.47 
0.53 
0.45 
0.43 
0.42 
0.39 
0.40 
0.37 
0.37 
0.30 
0.33 
0.26 
0.22 
0.24 
0.23 
0.22 
0. I9 
0.17 
0.50 
0.51 
0.52 
0.43 
0.43 
0.49 
0.45 
0.41 
0.41 
0.35 
0.5 I 
0.5 1 
0.66 
0.64 
0.58 
0.34 
0.27 
0.48 
0.53 
0.54 
0.48 
0.45 
0.44 
0.43 
0.40 
0.34 
0.44 
0.32 
0.32 
0.20 
0.22 
0. I8 
0.13 
0.11 
0.53 
0.40 
0.21 
0.61 

model 

0.60 
0.50 
0.53 
0.46 
0.43 
0.42 
0.40 
0.40 
0.37 
0.37 
0.30 
0.32 
0.25 
0.21 
0.25 
0.24 
0.22 
0.20 
0.17 
0.50 
0.51 
0.51 
0.43 
0.42 
0.48 
0.45 
0.41 
0.41 
0.35 
0.52 
0.52 
0.65 
0.62 
0.57 
0.36 
0.29 
0.41 
0.53 
0.53 
0.48 
0.45 
0.45 
0.43 
0.41 
0.36 
0.45 
0.33 
0.32 
0.19 
0.22 
0.16 
0.1 1 
0.07 
0.52 
0.41 
0.22 
0.59 

a Observed mean fractional helical contents of  these peptides were  re- 
ported by Chakrabartty et al. (1994). Mean fractional helical contents 
were predicted using the capping model and  the interaction model with 
capping  but  not pairwise interactions. The residue u, w, and n weights 
used by each model in these predictions are listed in Table 5. 

I . . . . . .  I J 

0.01 0.03 0.1 
Log v 

Fig. 1. Dependence of the RMS deviation between the observed and 
predicted mean fractional helical contents of the peptides listed in 
Table 4 on the u statistical weight. Values obtained using the interaction 
model (0) and the capping model (O) ,  respectively, for refinement are 
presented. Values for the wand n statistical weights obtained at the min- 
imum for each model are listed in Table 5. 

weights of glycine, asparagine,  and  the acetyl group  are  in- 
creased 0.8 (0.2) and  the n weight of glutamine is decreased by 
0.6. These  comparisons  indicate  that  use of the  residue  count 
employed  in  the  interaction  model  only  introduces  modest 
changes in the  parameters  generated by the  capping  model. 

Table 5. Refined  statistical weights valuesa 
- - "" 

Residue 

A 
C 
F 
G 
I 
K 
L 
M 
N 
P 
Q 
S 
T 
V 
W 
Y 
Acetyl 

w weights 

Capping  Interaction 
model model 

1.67 1.77 
0.42  0.58 
0.36  0.50 
0.11 0.22 
0.51  0.76 
1.03  1.17 
1.01 1.19 
0.72  0.92 
0.38  0.47 

<0.001 <0.001 
0.69 0.93 
0.45 0.60 
0.21 0.33 
0.30 0.48 
0.53 0.60 
0.57 0.62 

n weights 

Capping Interaction 
model model 

I .o I .o 

3.7 3.0 
2.1 I .6 
0.6  0.3 
2.4 I .8 
1 .5 1.3 

11.5 5.9 
1.7 1.4 
0.1 0.4 
6.4 3.7 
3.0 2.2 
1.1 1 .o 

3 .O 1.4 
4.8  3.3 

a These statistical weight values were obtained at the u weight for 
each model that gives the minimal RMS value, u = 0.034 for the  cap- 
ping model and u = 0.015 for  the  interaction  model,  as shown in Fig- 
ure 1. These  weights  were refined in the absence of  pairwise interactions 
between specific residues. The absence of values for  some statistical 
weights indicates that they could not be obtained  from  the  peptide se- 
quences listed in Table 4. 
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The  interaction model exhibits a minimal RMS of 2.78 at a 
u weight of 0.015, as shown in Figure 1. This RMS value is com- 
parable to  the minimal RMS value obtained using the capping 
model.  The small u weight at  the RMS minimum for  the inter- 
action model increases the residue w weights and decreases the 
residue n weights compared with the capping  model, as shown 
in Table 5 .  The interdependence  of residue n,  u, and w weights 
for selected  residues in the interaction model  is illustrated in  Fig- 
ure 2 .  This  interdependence suggests that  the differences in the 
wand n weights generated by the capping model and by the in- 
teraction  model, shown in Table 5 ,  are principally the result 
of a  different u weights in the RMS minimum found by each 
model. As shown in Figure 2 ,  all residue w weights and all resi- 
due n weights greater than 0.2 exhibit a linear dependence on 
the logarithm of their u weights. The high population of short 
peptide helices that exists at high u weights forces the small n 
weights to become even more deleterious to helix stability. 

Evaluation of pairwise interactions 

Pairwise interactions between specific residue side chains that 
affect helixkoil equilibria include, among others, ion pairs, hy- 
drogen bonds,  and  apolar interactions.  Apparent AAG values 
associated with particular pairwise interactions have been esti- 
mated from measurements of the mean helical contents of host/ 
guest peptides in variable solvent conditions. Such analyses are 
flawed because the mean helical content of peptide  solutions 
cannot be analyzed rigorously using a simple two-state  analy- 
sis, and because helical peptide states are populated that  do not 
contain the given interaction, resulting in an  underestimate of 
the  apparent AG for the given interaction. 

w 

1 

0 
10 

n 

1 

0.1 

0.01 0.02 0.05 
Log v 

Fig. 2. Dependence of the w (A) and n (B) statistical  weights of selected 
residues on the fixed v statistical weight  using  the interaction model. 
These values were obtained from analysis of the peptides listed in Ta- 
ble 4, assuming the absence of pairwise interactions. 
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Padmanabhan  and Baldwin (1994) have recently described a 
series of peptides, each containing a single potential apolar side- 
chain  interaction.  The  fractional mean helical content of each 
of these peptides was measured using the same solvent condi- 
tions employed in the measurement of the fractional helical con- 
tents of the peptides listed in Table 4. Accordingly, the statistical 
weights listed in Table 5 should be appropriate  for prediction 
of the observed helical contents of the peptides described by 
Padmanabhan  and Baldwin (1994). In  the absence of pairwise 
interactions, the interaction model underpredicts the observed 
helical content of all but one of the peptides, as shown in Ta- 
ble 6. In the presence of pairwise interactions, the interaction 
model can predict the apparent AG of the single apolar inter- 
action in each peptide, which would equate  the observed and 
predicted helical content of that peptide. These apparent AG val- 
ues are listed in Table 6. 

Two residues involved in a  potential pairwise interaction 
are denoted here as X/Z with residue X being closer to the 
N-terminus. The mean apparent AG for  the Y/V and  Y/L i, 
i + 3 interactions is -0.06 kcal/mol, as shown in Table 6. This 
value suggests that  apolar i ,  i + 3 interactions are,  at best, very 
weak as surmised (Padmanabhan & Baldwin, 1994). By contrast, 
the mean apparent AG for the Y/V and Y/L i ,  i + 4 interactions 
is significantly larger, -0.58 kcal/mol.  The  magnitude of this 
value suggests that i ,  i + 4 apolar interactions make a signifi- 
cant  contribution to the stability of monomeric peptide helices. 

As shown in Table 6 ,  the  apparent AG values for  both  the i ,  
i + 3 and i ,  i + 4 L/Y interactions are significantly enhanced rel- 
ative to the corresponding values for the Y/L interactions. This 
enhancement likely  reflects the different side-chain rotamer pop- 
ulations of tyrosine and leucine in the helix state, trans  and 
gauche, respectively (Dunbrack & Karplus, 1993; Schrauber 
et al., 1994). These rotamers would generate  a stabilizing i ,  
i + 3 interaction when oriented  L/Y  but not Y/L. In contrast, 
these rotamers would generate  a stabilizing i ,  i + 4 interaction 
when oriented either L/Y or Y/L. These  results  suggest that both 
the spacing and orientation of  pairwise apolar residues is impor- 
tant  to peptide helix stability. 

As shown in Table 6 ,  the  apparent AG predicted for each sig- 
nificant pairwise apolar  interaction is larger than its apparent 
AAG by a  factor of 1.4 (0.2). Recognition of such a  factor is 
important to estimation of AG values from AAG measurements. 

Alternative analyses 

The statistical weights described in this report predict the he- 
lix/coil equilibria of a larger number of peptides with good fi- 
delity. Regrettably, these statistical weights cannot be related to 
either geometric or energetic features of the peptides. Unfor- 
tunately, molecular dynamic and  ab initio  calculations, which 
consider these features, are not designed to model helixkoil 
equilibria. These calculations are best suited to model and re- 
fine a limited collection of related peptide structures with simi- 
lar conformational energies. Construction of an entire ensemble 
of peptide  structures at equilibrium would require  a  great  deal 
of computer time and a multiplicity of arbitrary choices. Ac- 
cordingly, statistical mechanical models, which are explicitly de- 
signed to model helix/coil equilibria,  appear to represent the 
current  method of choice for prediction of the fractional heli- 
cal content of peptide  solutions. 
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Table 6 .  Analysis of pairwise apolar interactionsa 

Fractional helical content 

Sequence Observed  Predicted 

i, i + 3 interactions 
a Y K A V A A K A A A A K A A A A K r n  0.53 
aYKALAAKAAAAKAAAAKm 0.59 
aAAYKALAAKAAAm 0.20 
aAKAAAYKALAAKAAAAKm 0.52 

Mean  (SD) 

i, i + 4 interactions 
aYKAAVAKAAAAKAAAAKm 0.59 
aYKAALAKAAAAKAAAAKrn  0.75 
aAAYKAALAKAAAm 0.36 
aAKAAAYKAALAKAAAAKm 0.71 

Mean  (SD) 

Reverse  orientations 
aAAAKAALAKYAAm 
aAAAKALAAKYAAm 

0.33 
0.42 

AG 
(kcal/mol) 

AAG 
(kcal/mol) 

0.47  -0.24 -0.13 
0.62  0.12  0.07 
0. I6 -0.17  -0.15 
0.53  0.07  0.02 

-0.06  (0.18) 

0.45  -0.49 -0.31 
0.61  -0.61  -0.36 
0.16  -0.69  -0.59 
0.55  -0.53  -0.36 

-0.58  (0.08) 

0.18  -0.58 
0.18  -0.84 

-0.44 
-0.65 

- 

a Residues  in  boldface  type  indicate  the  only  potential  pairwise  apolar  interaction  considered in each  peptide.  Observed  frac- 
tional  helical  contents of each  peptide  were  measured by Padmanabhan  and Baldwin (1994). Predicted  fractional helical con- 
tent  for  each  peptide  was  obtained  using  the  interaction  model,  the  statistical  weight  values u, w, and n listed for  this  model 
in  Table 4, and  NO pairwise  interactions. AG value for  each  peptide  indicates  the  stability of its  constituent  pairwise  apolar 
interaction,  which  makes  the  observed  and  predicted  helical  contents  identical. AAG values  for  each  peptide  represent  the  dif- 
ference  between  the  observed  and  predicted helical contents  expressed as free  energies, AAG = (RTlnf,,,,,d) - (RTlnf,.,bs). 
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